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Abstrak 
Radio melalui optik mang bebas (Ro-FSO) adalah teknologi revolusi yang 
digunakan untuk menyepadukan radio dan rangkaian optik tanpa menggunakan 
kabel gentian optik yang mahal. Teknologi Ro-FSO memainkan peranan penting 
dalam menyokong penyambungan jalur lebar di kawasan pedalaman dan kawasan 
terpencil di mana infrastmktur jalur lebar semasa tidak dapat digunakan disebabkan 
kesulitan geografi dan ekonomi. Walaupun kapasiti Ro-FSO boleh ditingkatkan 
dengan pemultipleksan pembahagi mod (MDM), jarak penghantaran dan kapasiti 
masih terbatas oleh kekaburan arah yang pelbagai dan kehilangan gandingan mod 
akibat gelora atmosfera seperti kabus ringan, kabus nipis dan kabus tebal. Tujuan 
utama projek ini adalah untuk mereka bentuk satu sistem pemultipleksan pembahagi 
mod (MDM) untuk Ro-FSO untuk komunikasi jarak jauh dan pendek. 
Pemultipleksan pembahagi frekuensi berortogon (OFDM) dicadangkan untuk 
komunikasi jarak jauh untuk mengurangkan kekaburan pelbagai arah dan gentian 
kristal fotonik (PCF) dicadangkan untuk komunikasi jarak dekat bagi mengurangkan 
kehilangan gandingan mod. Keputusan yang dilaporkan mengenai skema yang 
dicadangkan untuk komunikasi jarak jauh menunjukkan 47% peningkatan kuasa 
yang ketara akibat kekaburan yang mendalam melalui perambatan pelbagai arah 
dengan menggunakan OFDM dalam sistem MDM-Ro-FSO berbanding tanpa 
OFDM. Keputusan yang dilaporkan mengenai skema yang dicadangkan untuk 
komunikasi jarak dekat menunjukkan 90.6% peningkatan kuasa dalam mod dominan 
dengan menggunakan PCF di dalam MDM-Ro-FSO berbanding tanpa PCF. 
Keputusan yang dilaporkan dalam tesis ini menunjukkan peningkatan yang ketara 
dalam sistem Ro-FSO berbanding dengan sistem yang terdahulu dari segi kapasiti 
dan jarak penghantaran di bawah keadaan cuaca yang baik dan juga di bawah 
pelbagai peringkat kabus. Sumbangan tesis ini dijangka dapat menyediakan 
perkhidmatan jalur lebar yang lancar di kawasan terpencil. 
Kata kunci: Komunikasi jarak dekat, Komunikasi jarak jauh, pemultipleksan 
pembahagi frekuensi berortogon (OFDM), gentian kristal fotonik (PCF) 
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Abstract 
Radio over free space optics (Ro-FSO) is a revolutionary technology for seamlessly 
integrating radio and optical networks without expensive optical fiber cabling. Ro-
FSO technology plays a crucial role in supporting broadband connectivity in rural 
and remote areas where current broadband infrastructure is not feasible due to 
geographical and economic inconvenience. Although the capacity of Ro-FSO can be 
increased by mode division multiplexing (MDM), the transmission distance and 
capacity is still limited by multipath fading and mode coupling losses due to 
atmospheric turbulences such as light fog, thin fog and heavy fog. The main 
intention of this thesis is to design MDM system for Ro-FSO for long and short haul 
communication. Orthogonal frequency division multiplexing (OFDM) is proposed 
for long haul communication to mitigate multipath fading and Photonic Crystal 
Fiber (PCF) is proposed for short haul communication to reduce mode coupling 
losses. The reported results of the proposed scheme for long haul communication 
show a significant 47% power improvement in deep fades from multipath 
propagation with the use of OFDM in MDM-Ro-FSO systems as compared to 
without OFDM. The results of the proposed scheme for short haul communication 
show 90.6% improvement in power in the dominant mode with the use of PCF in 
MDM-Ro-FSO as compared to without PCF. The reported results in the thesis show 
significant improvement in Ro-FSO systems as compared to previous systems in 
terms of capacity and transmission distance under clear weather conditions as well 
as under varying levels of fog. The contributions of this thesis are expected to 
provide seamless broadband services in remote areas. 
Keywords: Short haul communication, Long haul communication, Orthogonal 
frequency division multiplexing (OFDM), Photonic crystal fiber (PCF) 
lll 
Acknowledgement 
With the graceful presence of the Almighty God, this research work is a culmination 
of sincere efforts, time, and a quest for knowledge where I have been accompanied 
and supported by many. At the very outset, I would like to offer my sincere gratitude 
to School of Computing, Universiti Utara Malaysia for giving me the opportunity 
to conduct this research work. I would like to express my special appreciation and 
thanks to my supervisor and mentor Assoc. Prof. Dr. Angela Amphawan, who 
encouraged me to take up this research work and allowed me to grow as a research 
scientist. You have been a tremendous support throughout my research work. Thank 
you so much for always being the helpful mentor and for guiding me in my research 
without any hassles. 
I must say a huge Thank You to the current and past members of lnterNetworks 
Research Lab whom I enjoyed working with; especially, Prof. Suhaidi Hassan, 
Dr. Ahmad Suki Che Mohamed Arif, Dr. Mohd. Hasbullah Omar, Dr. Adib 
Habbal, Dr. Osman Ghazali, Dr. Massudi Mahmuddin and other staff. Thank 
you for your incredible support and understanding. 
I would also like to thank Dr. Dipima Buragohain, Dr. Mawfaq Alzboon and my 
friends from D.P.P Proton and Tradewinds for their valuable suggestions and 
guidance which profoundly helped me shape my research work. 
Finally, my heartiest gratitude goes to my family - my pillar of strength, my father 
Sh. Harmesh Lal, my mother Smt. Nirmala Devi, and my sister Neha Chaudhary 
who always have trusted in me and my strength, and prayed for my success. I stand 
committed to dedicate myself for the enhancement and completion of this research 
work. 
lV 
Table of Contents 
Permission to Use ................................................ ............... ................... ............... ......... i 
Acknowledgement. .... ...... ... .............. ... .. ........... ... ... ........... ... ... ........... ... ... .......... ... ..... iiv 
Table of Contents .. . . .. . .. ..... . .. . .. . ..... .. . . .. . ..... .. . .. . . . .. . .. .. .. . . .. . ..... . .. . . .. . .. .. .. v 
List of Tables ......................................... .............. ............... ... ................ ............... ..... viii 
List of Figures . . .. . . .. . ..... . . .. . ... .... .. . . . .... ... .. . . .. . ..... .. ... .... ... . .. .. . . .. . ..... .. . . .ix 
List of Abbreviations ..... . . .. . .. ..... . .. . . .. . .. .. .. . . .. . ..... .. . . . .. . .. .. . .. .. . . .. . ..... . .. . xiv 
CHAPTER ONE INTRODUCTION ....................................................................... 1 
1.1 Ro-FSO Transmission Systems ... .. ..... ...... ..... ...... ......... ........ ........... ...... ......... ........ l 
1.2 Research Motivation .. ................ ... .. ........... ... ... ........... ................. ... ... .......... ... ..... .. 4 
1.3 Problem Statement ..... ............... .................... ............... ....... ............ ..... .......... ........ 6 
1.4 Research Questions .. ..... .......... ............... ..... ............ ................... ... ............ ... .......... 7 
1.5 Research Objectives ..... ...... ........ .. ...... ........... ...... ......... ....... .. ..... ..... ..... .. ........ ...... .. 7 
1.6 Research Scope ........... .. .. .......... .... ..... ...... .. ... .. ........ ... ... ...... ...... ...... ..... ........ .... ..... . 8 
1. 7 Research Organization .... ... ...... ... ....... ... ...... .... ... ............... .... ........ ... .... .. ........ ...... .. 9 
CHAPTER TWO LITERATURE REVIEW ........................................................ 11 
2.1 Overview of Optical and Radio Communication Systems ... ........ ...... ........... ...... 11 
2.2 Radio over Fiber (RoF) ..... ......... ... ... .. ........ .... ... .......... ... .... .......... ... .. ........... ... ..... 14 
2.2.1 Principles ofRoF ............ .................... ............... ....... ............ ..... .......... ...... 15 
2.2.2 Recent Work in RoF ............. .............. ............... ... ................ ............... ...... 17 
2.3 Free Space Optics (FSO) ........... .................... ............... ................... ............... ...... 24 
2.3.1 Principles of FSO ............ .................... ............... ....... ............ ..... .......... ...... 24 
2.3.2 Recent Work in FSO ....... .................... ............... ....... ............ ..... .......... ...... 25 
2.4 Radio over Free Space (Ro-FSO) ................. ............... ................... ............... ...... 33 
2.4.1 Principles ofRo-FSO ...... ......... ....... ................. ............... ... ................ ... ..... 33 
2.4.2 Applications ofRo-FSO System ......... ............... ....... ............ ..... .......... ...... 34 
2.4.3 Recent work in Ro-FSO ........ .............. ............... ... ................ ............... ...... 35 
2.5 Challenges in Ro-FSO Systems ... ...... ........... ...... ......... ....... .. ..... ..... ..... .. ........ ..... .41 
2.6 Mode Division Multiplexing (MDM) ...... .. ... ... .......... .... ... ........ ... ... ... .......... ... .... .43 
2.6.1 Principles ofMDM .................................................................................... 44 
2.6.2 Recent work in MDM ....... .. ..... ...... ..... ...... ......... ........ ........... ...... ......... ..... .45 
2. 7 Orthogonal Frequency Division Multiplexing (OFDM) ..... ......... ... ... .......... ... ..... 48 
V 
2.7.1 Principles ofOFDM .............. ............... ................. ................. .................... 48 
2.7.2 Recent work in OFDM ............................................................................... 50 
2.8 Photonic Crystal Fiber (PCF) .... .... ............. ... .............. ... ..... ......... ... .... ......... ... ..... 53 
2.8.1 Principle of PCF ........................................................ ................. ................ 53 
2.8.2 Related Work in PCF .... .................... .................................. ............... ........ 55 
2.9 Summary ........... ................. .... ...... ...... ...... ........... ................. ................. ............... 58 
CHAPTER THREE RESEARCH METHODOLOGY ........................................ 60 
3 .1 Research Framework. ......... ................ ...... ........... ................. ................ .. ....... ....... 60 
3 .1.1 Stage 1 : Research Clarification ......... .................................. ............... ........ 61 
3.1.2 Stage 2: Descriptive Study I (DS-I) ...................................... ..................... 63 
3.1.3 Stage 3 - Prescriptive Study (PS) .............................................................. 64 
3.1.3 .1 Approaches for designing and development of 
OFDM-MDM-Ro-FSO and PCF-MDM-Ro-FSO System ...... ...... 65 
3.1.3.2 Mathematical Modeling ... .. .. ... .............. ................. ... ............. ... ..... 66 
3.1 .3.3 Simulation .... ...... ..... ..... ..... ..... ... ..... ... ............. ... ............ ... ....... ....... 66 
3.1.3.4 OptiSystem Simulation ... ... ... ......... ..... ... ......... .... .... .... ................... 67 
3.1.3.5 BeamPROP .. ..... ........... .... ... .. ....... .......... ...... ..... ...... ....................... 68 
3.1.4 Stage 4: Descriptive Study (DS) ..... ..... .. .......... .... ... ........ ... ... ............. ... ..... 68 
3 .1. 4 .1 Evaluation Metrics ..... .... ................. .... ........... .. .. .... ......... ............... 69 
3.2 Summary ....................................................... .................................. ..................... 71 
CHAPTER FOUR OFDM-MDM-RO-FSO TRANSMISSION SYSTEM ......... 73 
4.1 Phase 1: Proposed Model for 10 Gbps OFDM-FSO Transmission System ....... 73 
4.1.1 Simulation Setup .. ... .. ........ ..... ...... .. .. .. ....... ..... . . .. . .. . .. . .. .. ....... 74 
4.1.2 Results and Discussion ...... ...... ...... ........... ................. ................. ............... 76 
4.2 Phase 2: Integration with Radio Signal to Realize Ro-FSO Transmission 
System by Incorporating LG modes ............. ............... ....... ............ ..... .......... ...... 79 
4.2.1 Simulation Setup ........ .. ..................... .................................. ............... ........ 79 
4.2.2 Results and Discussion .... ... ..... ................. ................ .. ..... .......... .. .............. 81 
4.3 Phase 3 MDM Scheme for Ro-FSO transmission system .. .. ... ....... ..... .. ..... .... ..... 86 
4.3.1 Case 1: Simulation set up of MDM Scheme by using LG modes ............. 86 
4. 3 .1 .1 Results and Discussion ......... .................................. ............... ........ 90 
4.3.2 Case 2 Simulation set up ofMDM Scheme by using HG modes ..... .. .. ..... 93 
4.3.2.1 Results and Discussion ...... ........... ................. ...... ........... ............... 95 
Vl 
4.3.3 Case 3 Simulation set up ofMDM Scheme by using LG-HG modes 
with vortex lenses ........... .... ..... ..... ... .... .. ........... ... .. .. .......... .... ... ......... ... ..... 99 
4. 3. 3 .1 Results and Discussion ........... ............... ....... ............ ..... .......... .... 102 
4.4 Summary ........ .... ...... ....... ... ..... ............... ..... ............ ................. ..... ............ ......... 108 
CHAPTER FIVE PCF-MDM-RO-FSO TRANSMISSION SYSTEM ............. 110 
5.1 Case 1: 2 x 2.5Gbps-5GHz PCF-MDM-Ro-FSO Transmission System ..... ... ... 111 
5.1.1 Simulation Setup ...... ....... ......... ......... ........ ......... ....... .. ........ ....... .. ....... ..... 11 l 
5.1 .2 Results and Discussion ................ ..... ............ ............... ....... ............ ......... 115 
5.2 Case 2: 3 x 2.5Gbps-5GHz MDM-PCF-Ro-FSO Transmission System ....... .... 120 
5.2.1 Simulation Setup ...... ................ ......... ........ ......... ....... .. ........ ....... .. ....... ..... 121 
5.2.2 Results and Discussion ............ .... ..... ............ ............... .... ... ............ ......... 126 
5.3 Case 3: Two Mode Dual core PCF-Ro-FSO Transmission System .............. .... 132 
5.3.1 Simulation Setup ........... ...... ............. .... .. ........... ....... .......... .... ... ......... ... ... 132 
5.3.2 Results and Discussion ..... .......... ............... ...... ......... ........... ...... .. ........ .... 135 
5.4 Case 4: Three Mode three core PCF-Ro-FSO Transmission System .......... ...... 139 
5.4.1 Simulation Setup .... .......... ... ........ ... ..... .. ... ............ .... ..... ......... .............. .... 140 
5.4.2 Results and Discussion .... .... ............ ... .............. .... .... ............. ............... ... 143 
CHAPTER SIX CONCLUSION AND FUTURE WORK ................................. 152 
6.1 Summary of Thesis .... .. .... .......... ... .. ........... .... ............. ... .... .......... .... ... ......... ... ... 152 
6.2 Research Contributions .... .......... ... .. ........... .... .. ........... ... .... .......... .... ... ......... ... ... 155 
6.3 Future Work ..... .. ...... ....... ... ..... ............... ..... ............ ............... ....... ............ ......... 156 
REFERENCES ....................................................................................................... 160 
Vll 
List of Tables 
Table 2.1 Key works in RoF ........... .................... ............... ................... ............... ..... 21 
Table 2.2 Key works in FSO ......... ........... ......... ..... ........... ... ... ........... ... ... .......... .. ..... 28 
Table 2.3 Key work in area of Ro-FSO System .. ............... ....... ............ ..... .......... ..... 38 
Table 2.4 Kim and Kruse Model... ........ .............. ............... ... ................ ............... ..... 42 
Table 2.5 Values of~ & a ............... ........ ...... .... ... .. .......... ........ ....... ... ................ .. ..... 42 
Table 2.6 Key work ofMDM in FSO ................. ............... ... ................ ............... ..... 47 
Table 2.7 Key Work of OFDM in FSO ............... ............... ................... ............... ..... 52 
Table 2.8 Key work of PCF ............ .................... ............... ....... ............ ..... .......... ..... 57 
Table 5.1 Parameters of PCFs at Transmitter Side (Case 1) ..... ............ ..... .......... ... 114 
Table 5.2 Parameters of SC-PCFs (Case 2) ........ ............... ................... ............... ... 125 
Table 5.3 Parameters of PCFs at Transmitter Side (Case 3) ..... ...... ... ................ ... .. 134 
Table 5.4 Parameters of PCFs at Transmitter Side (Case 4) ..... ............ ..... .......... ... 143 
Vlll 
List of Figures 
Figure 1. 1. Scenario of Ro-FSO Implementation .... .......... ... ................ ............... ....... 3 
Figure 1.2. Research Scope .... ..... ..... ... .. ........... .... .. ........... ....... .......... .... .. .......... ... ..... . 9 
Figure 2 .1 . Research Area ............... .................... ............... ....... ............ ..... .......... ..... 12 
Figure 2.2 . RoF Architecture ................ .............. .. ............. .... ............... .. ............. ..... 16 
Figure 2.3. Deployment ofFSO ...... .................... ............... ................... ............... ..... 25 
Figure 2.4. Ro-FSO Architecture .... ... ...... ........ .... .. .......... .... ... ........ ... .... .. .......... ... .... 33 
Figure 2.5. Mode Division Multiplexing ............ ............... ....... ............ ..... .......... ..... 44 
Figure 2.6. Excited Modes (a) LG 00 (b) LG 01 (c) HG 10 and (d) HG 11 ... .......... 45 
Figure 2.7 . Generation of OFDM signal at transmission side ... ........ .... .. .......... ... .... 49 
Figure 2.8. 4 QAM Encoding ..... ...... ... .. ........... .... .. ........... ................. .... .. .......... ... .... 49 
Figure 2.9. OFDM Detection .............................. ............... ................... .. ............. ..... 50 
Figure 2.10. Diagram of typical solid core photonic crystal fiber ... .......... .. ........ ..... 54 
Figure 3 .1. Research Approach ......... .. .... ......... ... .............. ... .... .......... ... .... ......... .. ..... 61 
Figure 3.2. Research Clarification .... ....... ... ...... ... .... ................. ... ..... .. ....... .. ........ ..... 62 
Figure 3.3 . Main Steps in the Descriptive Study-I Stage ... ...... ... ........ .............. ........ 63 
Figure 3.4. Main Steps in Prescriptive Study .... ........ ..... ......... .. .... ...... ... ..... ......... ..... 64 
Figure 3.5. Design processes of OFDM-MDM-Ro-FSO and 
PCF-MDM-Ro-FSO System .. ..... ....... ..... ..... ....... .... .... ......... . ~ ... ........ ..... 65 
Figure 3.6. OptiSystem Methodology ................. ............... ................... ............... ..... 67 
Figure 3.7. Constellations (a) Clear Constellation and 
(b) Distorted Constellation ..... ...... ..... ...... ......... ....... .. .......... ..... .. ........ ..... 70 
Figure 3.8. Eye Diagrams (a) Clear and open eye and 
(b) Distorted and closed eye .............. ............... ................... ............... ..... 71 
Figure 4.1. Phases ofRo-FSO Transmission System ........ ........ ......... ..... .......... ... .... 73 
Figure 4.2. Proposed Model for 10 Gbps FSO Transmission System .. ............... ..... 74 
Figure 4.3. Bands generated after optical modulator (a) ODSB and (b) OSSB ... ..... 75 
Figure 4.4. Measured RF Spectrum at 40 km FSO link (a) With OFDM and 
(b) Without OFDM ....... .................... ............... ....... ............ ..... .......... ..... 76 
Figure 4.5. Measured (a) SNR versus Range and (b) Total Received Power 
versus Range under clear weather conditions .. ....... .. ..... .......... .. ........ ..... 77 
lX 
Figure 4.6. Measured Metrics (a) SNR versus Range and (b) Total Power 
versus Range under different atmospheric conditions . ........................... 77 
Figure 4.7. Constellation Diagram at FSO link of 3 km under 
different atmospheric conditions (a) Haze (b) Thin Fog 
(c) Light Fog (d) Moderate Fog and (e) Heavy Fog ........ ............... ....... 78 
Figure 4.8. Ro-FSO Multimode Transmission System .............. ................. .............. 79 
Figure 4.9. LG modes (a) LG 00 (b) LG 02 and (c) LG 04 ...... ............ ..... .......... ..... 80 
Figure 4.10. Transmission of signal through LG modes (a) SNR and 
(b) Total power ....... ...... ... ..... ................. ................ .. ..... .......... .. ............. 81 
Figure 4.11. Constellation diagrams for FSO link of 100 km for 
(a) LG 00 (b) LG 02 (c) LG 04 ............................................................. 82 
Figure 4.12. Measured RF Spectrum (a) With OFDM and (b) Without OFDM ...... 83 
Figure 4.13. RF Spectrum for FSO link of 100 km for (a) LG 00 
(b) LG 02 and (c) LG 04 ...... ................. ......... ........ ................ ......... .. .... 84 
Figure 4.14. Ro-FSO system under atmospheric turbulences (a) SNR 
and (b) Total Power.. ... .... ......... .... ....... ...... ...... ..... .. ........... ................... 85 
Figure 4.15. Proposed 2 x20 Gbps Hybrid Ro-FSO Transmission System 
by incorporating LG modes ..... .... ........ .. ........ ..... ... ........ ............... ....... 86 
Figure 4.16 . Generation of LG mode wavefront.. ... ..... ....... .... ...... ... ... ............. ... .... 87 
Figure 4.17. Excitation of LG modes (a) LG 00 (b) LGl0 and a 
(c) LG 00 + LG 10 ................................................................................ 88 
Figure 4.18. Transmission of LG 00 and LG 10 Channels (a) SNR and 
(b) Total Power ........... ......... .... ....... ...... ......... ....... .. .......... ..... .. ........ ..... 90 
Figure 4.19. Constellations Diagram (a) LG 00 at 40 km (b) LG 00 at 100 km 
(c) LG 10 at 40 km and (d) LG 10 at 100 km ....................................... 91 
Figure 4.20. Under strong turbulences (a) SNR for LG 00 (b) Total Received 
Power for LG 00 (c) SNR for LG 10 and (d) Total Received 
Power for LG 10 ................................................................................... 92 
Figure 4.21. Proposed Ro-FSO Transmission System by incorporating 
HG Modes .... ............... ......... ........... ...... ..... .... ........ ........... ..... ........ .. ..... 93 
Figure 4.22. Excited HG Modes (a) HG 00 (b) HG 01 and (c) HG 02 ...... .......... ..... 94 
Figure 4.23. Evaluation of SNR and Total received Power under clear 
weather conditions ..... .... ............. ... .............. ... ..... ......... ... ..... ........ .. ..... 96 
X 
Figure 4.24. Constellation Measured at 50 km (a) HG mode 00 
(b) HG mode 01 and (c) HG mode 02 ................................................... 97 
Figure 4.25. RF Spectrum measured at 50 km (a) HG 00 Mode 
(b) HG 01 Mode and (c) HG mode 02 .................. ................................ 98 
Figure 4.26. Proposed Model for Millimeter wave over free space optical 
channel ................. ................ ...... ........... ................. ................. ............ 100 
Figure 4.27 Excited Modes (a) LG 02 with vortex m=2 (b) LG 03 with 
vortexm=5 (c)HG 11 and(d)HG 12 .... ................. ...... ........... ............ 100 
Figure 4.28. Evaluation of SNR and Total Received Power.. ... .. ..... .......... .. ........... 103 
Figure 4.29. Measured Constellations at 50 Km (a) Channel 1 
(b )Channel 2 ( c) Channel 3 and ( d) Channel 4 ..... ................ .. ........... 104 
Figure 4.30. Measured PCC v/s Range (a) Channel 1 (b) Channel 2 
( c) Channel 3 ( d) Channel 4 ...... ........... ................. ................. ............ 105 
Figure 4.31. Measured SNR and Total Received Power under 
atmospheric turbulences ... ..... ....... ........ ......... ....... ... ....... .................... . 107 
Figure 5.1. Cases of PCF-MDM-Ro-FSO Transmission System .... ..... .................. 110 
Figure 5.2. 2 x 2.5Gbps-5GHz MDM-PCF-Ro-FSO Transmission System .... .... . 112 
Figure 5.3. Structures of PCFs (a) PCF A and (b) PCF B .. ..... .......... ........ .. ........... 112 
Figure 5.4. Computed Mode Spectrum (a) After PCF A and 
a (b) After PCF 8 ............... ...................................................................... 113 
Figure 5.5 . Transverse Mode Output at Transmitter Side 
(a) Channel 1- PCF A and (b) Channel 2- PCF B ................................. 114 
Figure 5.6. PCF Structures (a) PCF C and (b) PCF D ............................................ 115 
Figure 5.7. Computed Mode Spectrum at Receiver Side 
(a) after FSO channel 1 (b) after FSO channel 2 
(c) after PCF C and (d) after PCF D .................................... ................. 116 
Figure 5.8. Measured BER (a) Channel 1 and (b) Channel 2 ... .. ..... .......... .. ........... 117 
Figure 5.9. Received Modes at FSO link of 2 km (a) Channel 1- PCF C 
and (b) Channel 2-PCF D ...................................................................... 117 
Figure 5.10. Measured Diagrams (a) Channel 1 at 2000 m 
(b) Channel 1 at 2500 m (c) Channel 2 at 2000 m and 
(d) Channel 2 at 2500 m ...... ...... ........... ................. ...... ........... ............ 118 
Figure 5.11. Evaluation of Proposed PCF-MDM Transmission System 
under atmospheric turbulences (a) Channel 1 and (b) Channel 2 ....... 119 
Xl 
Figure 5.12. 3 x 2.5Gbps-5GHz MDM-PCF-Ro-FSO Transmission System ........ 121 
Figure 5.13. Core Structure of PCF at Transmitter Side (a) PCF A 
(b) PCF Band (c) PCF C ..... ........... ...... ......... ........ ........... ...... ......... ... 122 
Figure 5.14. Computed Mode spectrum of PCF at Transmitter Side (a) PCF A 
(b) PCF Band (c) PCF C .............. .................................. ............... .... . 123 
Figure 5.15. Spatial profiles of transverse modes at output (a) PCF A 
(b) PCF Band (c) PCF C ................. ............... ....... ............ ..... .......... ... 124 
Figure 5 .16. Core Structures of PCF at receiver side ( a) PCF D 
(b) PCF E and (c) PCF F ..................................................................... 125 
Figure 5 .1 7. Computed mode spectrum at Receiver (a) Before PCF D 
(b) Before PCF E, (c) Before PCF F, (d) After PCF D , 
(e) After PCF E and (f) After PCF F ............................... ............... ..... 126 
Figure 5.18. BER vs. FSO Range ...... ...... ...... ........... ................. ................. ............ 127 
Figure 5.19. Measured Eye Diagrams at 2500m FSO link (a) Channel 1 
(b) Channel 2 and (c) Channel 3 ........... ..... ... ...... ... ........ ............... ..... 128 
Figure 5.20. Measured Spatial Profiles at Receiver (a) PCF D (b) PCF E 
and (c) PCF F .. .. ... ....... ......... ... ... ....... ..... ......... ..... .... .. ... ... .. .... .. ....... .... 129 
Figure 5.21. Evaluation of proposed MDM-PCF transmission system under 
atmospheric turbulences (a) Channel 1 (b) Channel 2 and 
(c) Channel 3 ... ..... ..... ..... ...... .... ..... ........ .. ....... ....... .......... ....... ............. 130 
Figure 5.22. Two mode MDM-PCF-Ro-FSO Transmission System .... ..... ........ ... .. 132 
Figure 5.23. Structure of Dual Core PCF A .............................. ................. ............. 133 
Figure 5.24. Computed Mode Spectrum of Dual Core PCF A ............................... 133 
Figure 5.25. Internal Structure of PCFs at Receiver Side (a) PCF Band 
(b) PCF C ..... ............... .................... ............... ....... ............ ..... .......... ... 134 
Figure 5.26. Computed Mode Spectrum at Receiver Side (a) Before PCF B 
(b) Before PCF C (c) After PCF Band (d) After PCF D ....... .. ........... 135 
Figure 5.27. Received Modes at FSO link of 2 km (a) Channel 1- PCF B 
and (b) Channel 2-PCF C ...................................... ................. ............. 136 
Figure 5.28. Measured BER under clear weather conditions .............. ............... .... . 137 
Figure 5.29. Measured Eye Diagrams under clear weather conditions 
(a) Channel 1 at 1000 m (b) Channel 1 at 2000 m 
( c) Channel 2 at 1000 m and ( d) Channel 2 at 2000 m ....................... 13 7 
Xll 
Figure.5.30. Measured BER under atmospheric turbulences 
(a) Channel 1 and (b) Channel 2 .... ............... ................... ............... ... 138 
Figure 5.31. Three mode MDM-PCF-Ro-FSO Transmission System ...... ........ .. ... 140 
Figure 5.32. Structure of three core PCF A ........ ............... ....... ............ ..... .......... ... 141 
Figure 5.33. Computed Mode Spectrum of Dual Core PCF A ...... ..... ............ .... .... 142 
Figure 5.34. Internal Structure of PCFs at Receiver Side (a) PCF B 
(b) PCF C and (c) PCF D ................ ............... ....... ............ ..... .......... ... 142 
Figure 5.35. Computed Mode Spectrum at Receiver Side (a) Before PCF B 
(b) Before PCF C ( c) Before PCF D ( d) After PCF B 
( e) After PCF C and ( f) After PCF D .... ......... ....... .. ........ ....... .. ...... .. ... 144 
Figure 5.36. Received Modes at FSO link of 2 km (a) Channel 1- PCF B 
(b) Channel 2-PCF C and (c) Channel 3- PCF D ....... ..... ............ .... .... 145 
Figure 5.37. Measured BER under clear weather conditions ..... ........... ...... ......... ... 146 
Figure 5.38. Measured Eye Diagrams under clear weather conditions 
(a) Channel 1 at 1000 m, (b) Channel 2 at 2000 m, 
(c) Channel 2 at 1000 m,(d) Channel 2 at 2000 m, 
(e) Channel 3 at 1000 m and (f) Channel 3 at 2000 m ... .. .. .. .... ...... .. ... 146 
Figure 5.39. Measured BER under atmospheric turbulences (a) Channel 1 
(b) Channel 2 and ( c) Channel 3 ... ........ ......... ....... .. ........ ...... ......... ..... 148 
a a 
Xlll 
BER 
CD 
DSB 
DWDM 
EDFA 
EOS 
FSO 
IEEE 
IF 
ITU 
MDM 
OFDM 
ONU 
OSA 
OTSB 
PON 
QAM 
QM 
QPSK 
RF 
RoF 
Ro-FSO 
SNR 
SOA 
SSB 
THz 
WDM 
List of Abbreviations 
Bit Error Rate 
Chromatic Dispersion 
Double Side Band 
Dense Wavelength Division Multiplexing 
Erbium Doped Fiber Amplifier 
European Optical Society 
Free Space Optics 
Institute of Electrical and Electronics 
Engineers 
Intermediate Frequency 
International Telecom Union 
Mode Division Multiplexing 
Orthogonal Frequency 
Multiplexing 
Optical Node Unit 
Optical Society of America 
Optical Tandem Side Band 
a 
Passive Optical Network 
Quadrature Amplitude Modulation 
Quadrature Modulation 
Quadrature Phase Shift Key 
Radio Frequency 
Radio over Fiber 
Radio over Free Space Optics 
Signal to Noise Ratio 
Semiconductor Optical Amplifier 
Single Side Band 
Terahertz 
Wavelength Division Multiplexing 
XlV 
Division 
CHAPTER ONE 
INTRODUCTION 
Radio over free space optics (Ro-FSO) is one of the remarkable technologies for 
seamless integration of wireless and optical networks without using expensive optical 
fibers. The future of Ro-FSO technology aims to not only build a universal platform 
for distributing broadband services for wireless local area networks but also address 
the issue of scarcity of radio frequency spectrum and channel degradation by 
allocating frequency spectrum in a more flexible manner. Various atmospheric 
turbulences, particularly fog, can affect the transmission distance, bandwidth and 
capacity ofRo-FSO systems. On the other hand, Mode Division Multiplexing (MDM) 
plays a vital role in increasing the bandwidth of optical networks. The use of MDM 
may also increase the aggregate bandwidth of Ro-FSO systems. The main intention of 
this thesis is to design MDM scheme for Ro-FSO system to make it useful for 
distributing broadband services. 
This chapter aims to place this research thesis into context by first providing an 
introduction to Ro-FSO in Section 1.1 followed by the research motivation in Section 
1.2. This lays the foundation for the Problem Statement in Section 1.3, followed by 
Research Questions in Section 1.4 and Research Objectives in Section 1.5. The scope 
of this research is mentioned in Section 1. 6 whereas the key contribution of this thesis 
is presented in Section 1. 7. The organization of the rest of the thesis is presented in 
Section 1.8. 
1.1 Ro-FSO Transmission Systems 
Ro-FSO technology is promising for providing a ubiquitous platform for seamless 
integration of radio and optical networks without expensive optical fiber cabling. The 
last decade has experienced enormous growth in the development of optical 
1 
The contents of 
the thesis is for 
internal user 
only 
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